The Scale of Ethylene Plants: Backgrounds and Issues by Cantley, M.F.
The Scale of Ethylene Plants: 
Backgrounds and Issues
Cantley, M.F.
IIASA Working Paper
WP-79-043
June 1979 
Cantley, M.F. (1979) The Scale of Ethylene Plants: Backgrounds and Issues. IIASA Working Paper. WP-79-043 Copyright © 
1979 by the author(s). http://pure.iiasa.ac.at/1140/ 
Working Papers on work of the International Institute for Applied Systems Analysis receive only limited review. Views or 
opinions expressed herein do not necessarily represent those of the Institute, its National Member Organizations, or other 
organizations supporting the work. All rights reserved. Permission to make digital or hard copies of all or part of this work 
for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial 
advantage. All copies must bear this notice and the full citation on the first page. For other purposes, to republish, to post on 
servers or to redistribute to lists, permission must be sought by contacting repository@iiasa.ac.at 
NOT FOR QUOTATION 
WITHOUT PERMISSION 
OF THE AUTHOR 
THE SCALE OF ETHYLENE PLANTS: 
BACKGROUND AND ISSUES 
P r e p a r e d  f o r  t h e  IIASA Workshop 
" S i z e  a n d  P r o d u c t i v e  ~ f f i c i e n c y - -  
The Wider I m p l i c a t i o n s "  
Mark F. C a n t l e y  
J u n e  1979 
WP-79-43 
Working P a p e r s  are i n t e r i m  r e p o r t s  on work o f  t h e  
I n t e r n a t i o n a l  I n s t i t u t e  f o r  A p p l i e d  Sys tems  A n a l y s i s  
and  have r e c e i v e d  o n l y  l i m i t e d  r ev i ew .  V i e w s  or  
o p i n i o n s  e x p r e s s e d  h e r e i n  d o  n o t  n e c e s s a r i l y  r e p r e -  
s e n t  t h o s e  of  t h e  I n s t i t u t e  or  o f  i t s  N a t i o n a l  Member 
O r g a n i z a t i o n s .  
INTERNATIONAL INSTITUTE FOR APPLIED SYSTEMS ANALYSIS 
A-2361 Laxenburg ,  A u s t r i a  

PREFACE 
Questions of scale have been the subject of research at 
IIASA since January 1978. Following the publication in 
September 1978 of the IIASA Research Memorandum "'Problems of 
Scale' - The Case for IIASA Research" (M.F. Cantley and V.N. 
Glagolev; RM-78-47), plans were made for a workshop to be held 
in June 1979 on the topic "Size and Productive Efficiency - The 
Wider Implications". This workshop is planned around a selected 
list of "Key Topics" and specific industries - the latter 
including initially electricity generation, ethylene plants, 
and coal liquefaction. 
Since not all workshop participants can be familiar with 
all topics and industries, it was felt that it would be useful 
to provide background material where necessary. This paper is 
intended to provide sufficient up-to-date factual information 
on the petrochemical industry to enable participants to 
understand and contribute to discussions about questions of 
size in ethylene plants, and to relate these to the more 
general issues raised at the workshop. 
The information presented here is based on the published 
articles listed in the references, and on correspondence and 
conversation with experts in the industry; but the author, 
while wishing to acknowledge the extensive help received from 
these sources, accepts responsibility for any inaccuracies or 
over-simplifications he has introduced. 

T a b l e  o f  C o n t e n t s  
1. INTRODUCTION, 1 
2.  PRODUCTS A N D  FEEDSTOCKS, 2  
2 . 1  The P r o d u c t ,  i t s  Co-Produc t s  and D e r i v a t i v e s ,  2 
2.2  F e e d s t o c k s  and F l e x i b i l i t y  f o r  O l e f i n  P l a n t s ,  3  
3 .  OLEFIN PLANTS, SCALE A N D  PETROCHEMICAL COMPLEXES, 8  
3 .1  B a s i c  Techno logy  o f  P l a n t s ,  8  
3.2 The Growth and L i m i t a t i o n s  o f  P l a n t  S c a l e ,  11 
3 . 3  P e t r o c h e m i c a l  Complexes,  1 7  
4 .  CURRENT WORLD SITUATION, 1 9  
4 . 1  C u r r e n t  C a p a c i t y  and L o c a t i o n s ,  1 9  
4 . 2  F a c t o r s  o f  Change i n  Market  S t r u c t u r e ,  22  
5 .  K E Y  ISSUES 1N.ETHYLENE PLANTS, 26 
5 .1  I n t r o d u c t i o n ,  26 
5 . 2  E t h y l e n e  P l a n t s ,  Economies o f  S c a l e ,  Models  o f  
L e a r n i n g  and I n n o v a t i o n ,  26 
5 .3  E t h y l e n e  P l a n t s  and O t h e r  I n d u s t r i e s  - S i m i l a r i t i e s  
and D i f f e r e n c e s ,  28 
5.4 N e w  P h i l o s o p h i e s  i n  P l a n t  D e s i g n ,  30 
5 .5  F l e x i b i l i t y ,  U n c e r t a i n t y  and t h e  D e s i g n  o f  
Complexes ,  3 3  
5.6 The R e l a t i o n s h i p  be tween  E n t e r p r i s e  P l a n n i n g ,  
S t a t e  P l a n n i n g  and S u p r a - N a t i o n a l  Economic L o g i c ,  3 3  
R e f e r e n c e s ,  35 

THE SCALE OF ETHYLENE PLANTS: BACKGROUND AND ISSUES 
Mark F. Cantley 
1 INTRODUCTION 
- ------------ 
The context of this paper is a program of research into 
questions of scale. In this context, ethylene plants have been 
selected for consideration as an example of an important 
industry and technology in which scale changes have been a 
significant feature of the last thirty years' development. Both 
the physical and the financial scale of the plants place them 
in the forefront of large-scale manufacturing investments, and 
in the history, current pre-occupations and prospects of such 
an industry, our hope is that lessons may be learned of 
relevance beyond the immediate boundaries of the industry. 
In the following sections, a basic introduction is given 
to the product and its co-products, the feedstocks, the 
production process, and the current shape of the industry. 
Against this background, the final section suggests some more 
general issues arising from consideration of ethylene; topics 
which may be further developed in the context of workshop 
discussons and future research. 
Figures in the text have been expressed (except where 
otherwise stated) in metric tons/year, but capacities should be 
taken as approximate. U.S. and British usage is often 
pounds(lbs.)/year; the British "ton" is 1.7% heavier than a 
metric ton, the U.S. ("short", 2,0001b.) ton is 9% lighter. A 
"billion lbs./yearN U.S. plant is 500,000 (U.S.) tons/year or 
450,000 (metric) tons/year. 
2  PRODUCTS AND FEEDSTOCKS 
- -------- --- ---------- 
2.1 The Produc t  i t s  Co-Products and D e r i v a t i v e s *  
,,, ,,,, - - - - - , J  --- - ----,,,,, - ---,,,,,,,-- 
Organic  c h e m i c a l s ,  o r  i g i n a l l y  s o  c a l l e d  because  t h e y  were 
de r ived  from l i v i n g  organisms,  a l l  c o n t a i n  t h e  e lement  carbon 
whose a tomic  s t r u c t u r e  e n a b l e s  i t  t o  combine r e a d i l y  wi th  
i t s e l f  and wi th  o t h e r  e l e m e n t s ,  such a s  hydrogen,  oxygen, 
n i t r o g e n ,  c h l o r i n e  and s u l p h u r .  The range  of  o b t a i n a b l e  
compounds is  v a s t ,  and many a r e  produced a s  i n t e r m e d i a t e  
m a t e r i a l s  f o r  use  i n  o t h e r  s e c t o r s  o f  t h e  chemical  i n d u s t r y .  
The p r o d u c t s  o f  t h e  o r g a n i c  chemica l s  s e c t o r  a r e  b r o a d l y  
d i v i s i b l e  i n t o  two g roups :  t h e  heavy o r g a n i c  c h e m i c a l s ,  
produced i n  bulk and used i n  l a r g e  q u a n t i t i e s ,  and t h e ,  
s p e c i a l i t y  p r o d u c t s .  
Of t h e  heavy o r g a n i c  commodit ies  produced i n  bu lk ,  t h e  
l a r g e s t  g roups  a r e  t h e  ------- o l e f i n s  - e t h y l e n e ,  p r o p y l e n e  and 
b u t a d i e n e  - and t h e  --------- a r o m a t i c s  - benzene,  t o l u e n e  and t h e  
xy lenes  ( B T X ) .  From t h e s e . a r e  d e r i v e d  i n t e r m e d i a t e  c h e m i c a l s  
and o t h e r  "downstream" p r o d u c t s .  The growth of  e t h y l e n e  and 
p ropy lene  c a p a c i t y  i s  t h e  b a s i s  f o r  expans ion of  t h e  o r g a n i c  
chemica l s  s e c t o r  a s  a  whole, and p r o v i d e s  c a p a c i t y  i n  bulk 
chemical  p r o d u c t i o n  t o  meet demand by u s e r s  f u r t h e r  
"downstream". 
E thy lene  i s  one of  t h e  most v i t a l  and v e r s a t i l e  s u b s t a n c e s  
produced by t h e  chemical  i n d u s t r y ,  be ing used i n  about  one- 
t h i r d  of  a l l  chemical  p r o d u c t s .  I t  goes  d i r e c t l y  f o r  
p o l y m e r i s a t i o n  t o  produce  p o l y e t h y l e n e ,  a  wide ly  used p l a s t i c ;  
o x i d i z e d  t o  form e t h y l e n e  o x i d e ,  i t  i s  then  c o n v e r t e d  t o  
e t h y l e n e  g l y c o l  f o r  a n t i - f r e e z e ;  a l s o  through e t h y l e n e  o x i d e ,  
i t  produces  p o l y e s t e r s ,  p o l y e t h e r s ,  s o l v e n t s  and s y n t h e t i c  
f i b r e s ;  e t h y l e n e  is  combined wi th  benzene t o  produce  s t y r e n e  
and p o l y s t y r e n e .  Ethyl  a l c o h o l  and v i n y l  c h l o r i d e  a r e  o t h e r  
impor tan t  d e r i v a t i v e s .  
Th i s  v e r s a t i l i t y  a r i s e s  from t h e  b a s i c  molecular  s t r u c t u r e  
o f  e t h y l e n e ' s  two carbon and f o u r  hydrogen atoms; C2H4: 
The p r o p e n s i t y  o f  carbon t o  form bonds, which i s  t h e  b a s i s  f o r  
t h e  fundamental  r o l e  t h i s  e lement  p l a y s  i n  o r g a n i c  compounds, 
is  a  p r o p e n s i t y  markedly p r e s e n t  i n  t h i s  p a r t i c u l a r  s t r u c t u r e  - 
hence t h e  widespread r e f e r e n c e  t o  i t  a s  a  b a s i c  " b u i l d i n g  
b lock" .  
* This  s e c t i o n  has  drawn e x t e n s i v e l y  on C e n t r a l  O f f i c e  of 
In fo rmat ion  (1978) [ r e f e r r e d  t o  a f t e r  t h i s  a s  COI]. 
Various hydrocarbon feedstocks can be used as the source 
of ethylene, and feedstocks are discussed in the following 
section. The yield of ethylene depends first of all on the 
nature of the feedstock used, and then on the technical 
characteristics of the plant, described in section 3.1. 
Principal co-products are propylene (C3H6) and butadiene 
(C4H6). Propylene is the source of many products, both bulk and 
speciality; particularly isopropanol, polypropylene and 
acrylonitrile. Butadiene is used primarily in the production 
of synthetic rubbers. 
2.2 Feedstocks and Flexibility for Olefin Plants* 
--- ---------- --- ---------- --- ------ ------- 
Crude oil is the world's principal source of all 
hydrocarbon feedstocks at the present day, although in the 
longer term the hydrogenation of carbon in coal may become 
increasingly important. Crude oil as it comes from the well 
contains a proportion of low hydrocarbons which are gases at 
normal temperature and pressure - principally methane (CH4), 
ethane (C2H6) propane (C3H8) and butanes (C4H10). These are 
various lengths of the simplest form of hydrocarbon chain: 
H 
I 
H - C - H  
I 
H 
Hydrocarbons of various structures are often summarily 
described by their number of carbon atoms: C1, C2, C3, etc. 
The crude oil and the gases cannot be piped together for 
technical reasons, so the gases are usually separated from the 
rest of the oil at the well-head, and then further separated 
into (i) a mixture of methane and ethane gases, and (ii) a 
mixture of propane and butanes which are liquefied under 
pressure as "liquid petroleum gases" (LPG). 
The gas/oil ratio varies considerably between different 
crudes. If it is low, the Cl/C2 content removed at the well- 
head may be burnt as local fuel and any small surplus flared. 
If it is high enough, and depending on local circumstances 
(Middle East desert, North Sea platform, Gulf Coast U.S.A. ...) 
the Cl/C2 mixture may be piped separately as a gas fuel or as a 
chemical feedstock. For example, from the North Sea Ekofisk 
field, gas is piped to North Germany and the crude oil to 
Teesside, England. 
* This section quotes extensively from Appendix D of U.K. 
Chemicals Economic Development Committee (1976) 
[referred to after this as UKCEDCI. 
Methane ( C H 4 )  i s  t h e  s t a r t i n g  m a t e r i a l  f o r  t h e  manufac tu re  
------- 
of ammonia and methanol .  I t  cannot  form a  f e e d s t o c k  f o r  
e t h y l e n e ,  and i f  p r e s e n t  i n  t h e  f e e d s t o c k  has  t o  be removed i n  
t h e  "de-methaniser"  u n i t .  I t  c o n s t i t u t e s  98% of  North Sea g a s .  
Ethane (C2H6) can be r e a d i l y  c racked  t o  make e t h y l e n e .  
------ 
This  i s  t h e  normal r o u t e  i n  t h e  U . S . A . ,  where l a r g e  q u a n t i t i e s  
of e t h a n e  have' a r i s e n ,  mainly from n a t u r a l  g a s  p r o c e s s i n g .  
Propane (C3H8) can a l s o  be c racked  t o  produce e t h y l e n e  and 
--- --- 
propy lene .  
Naphtha is  a  r e f i n e r y  p r o d u c t ,  t h e  s t a n d a r d  f e e d s t o c k  
-- ---- 
c u r r e n t l y  used i n  Europe and J a p a n ,  t o  produce  e t h y l e n e ,  
p ropy lene  apd a r o m a t i c s  ( b u t a d i e n e ,  t o l u e n e  and x y l e n e ) .  With 
t h e  r e d u c t i o n  o f  f u e l  demand and t h e r e f o r e  r e f i n e r y  o u t p u t s ,  
t h e  a v a i l a b i l i t y  of t h i s  f e e d s t o c k  is  t e n d i n g  not  t o  keep pace  
wi th  p e t r o c h e m i c a l  r e q u i r e m e n t s ,  and encourag ing  a  s h i f t  
towards t h e  h e a v i e r ,  but  more r e a d i l y  a v a i l a b l e  g a s  o i l .  
Gas O i l  is a  h i g h e r  b o i l i n g  p o i n t  (more v i s c o u s )  r e f i n e r y  
--- --- 
p r o d u c t  which h a s  i n  r e c e n t  y e a r s  been coming i n t o  use  a s  a  
f e e d s t o c k  f o r  o l e f i n  p l a n t s .  
E thy lene  c r a c k e r s  have u s u a l l y  been des igned  t o  use  a  
s i n g l e  type  o f  f e e d s t o c k .  G r e a t e r  f l e x i b i l i t y  can be b u i l t  i n ,  
a t  i n c r e a s e d  c a p i t a l  c o s t s  and p r o b a b l y  o p e r a t i n g  c o s t s .  I t  is  
however u n l i k e l y  t o  be economic t o  a l t e r  a  c r a c k e r  t o  use  a  
d i f f e r e n t  f e e d s t o c k  from t h e  one f o r  which i t  was i n i t i a l l y  
d e s i g n e d .  For p r o f i t a b l e  o p e r a t i o n ,  i t  is  g e n e r a l l y  n e c e s s a r y  
t o  use  t h e  v a l u a b l e  co -produc t s ,  p r o p y l e n e  and b u t a d i e n e ,  
u s u a l l y  by c o n v e r t i n g  them i n t o  downstream p r o d u c t s  i n  
a s s o c i a t e d  p l a n t s .  B a s i c  changes  i n  f e e d s t o c k s  would t h e r e f o r e  
r e q u i r e  s u b s t a n t i a l  changes  i n  t h e  p a t t e r n  of  downstream 
o p e r a t i o n s ,  making some e x i s t i n g  p l a n t s  redundant  and o t h e r  new 
p l a n t  n e c e s s a r y .  While a  major e x i s t i n g  p e t r o c h e m i c a l s  complex 
could  p r o b a b l y  a c c e p t  and accommodate a  s h i f t  t o  an a l t e r n a t i v e  
f e e d s t o c k  f o r  a  p a r t  o f  i t s  e t h y l e n e  o u t p u t ,  p a r t i c u l a r l y  i f  
p lanned a s  an e x t e n s i o n  o f  o u t p u t ,  i t  cou ld  not  change over  f o r  
a l l  o r  a  major p a r t  o f  i t s  o u t p u t .  
The c r a c k i n g  o f  naphtha p roduces ,  b e s i d e s  e t h y l e n e  and 
p r o p y l e n e ,  b u t a d i e n e ,  l a r g e  q u a n t i t i e s  o f  g a s o l i n e ,  and o t h e r  
v a l u a b l e  p r o d u c t s .  Gas o i l  would a l s o  produce a  wide,  though a  
somewhat d i f f e r e n t ,  r a n g e ,  but  c r a c k i n g  t h e  lower hydrocarbons  
would y i e l d  o n l y  a  l i m i t e d  range  o f  r e l a t e d  p r o d u c t s ,  e .g . ,  
e t h a n e  would o n l y  g i v e  e t h y l e n e ,  a s  c r a c k i n g  b reaks  t h e  h i g h e r  
and more complex hydrocarbons  down t o  lower ones  and n o t  v i c e  
v e r s a .  In  comparing t h e  p r i c e s  a t  which a l t e r n a t i v e  f e e d s t o c k s  
a r e  a v a i l a b l e ,  accoun t  m u s t  be t aken  of  t h e  whole range  o f  
t h e i r  c r a c k e r  p r o d u c t s  and n o t  mere ly  o f  t h e i r  e t h y l e n e  
c o n t e n t .  
The v e r y  s u b s t a n t i a l  d i f f e r e n c e s  i n  f e e d s t o c k  a r e  
i l l u s t r a t e d  by t h e  e t h y l e n e  y i e l d s  shown i n  Table  1, which 
range  from 80% ( e t h y l e n e  f e e d s t o c k )  t o  25% ( g a s - o i l ) .  
I - C  
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Feeds tock  is t h u s  t h e  p r i m a r y  d e t e r m i n a n t  o f  t h e  r a n g e  o f  
o u t p u t s  o f  an o l e f i n s  p l a n t .  I n c r e a s i n g l y ,  p l a n n e r s  and 
d e s i g n e r s  a r e  s e e k i n g  t o  b u i l d  i n  f l e x i b i l i t y  f rom t h e  s t a r t .  
L i q u i d  f e e d s t o c k s  g i v e  g r e a t e r  f l e x i b i l i t y ,  a s  t h e y  a l l o w  
c o n s i d e r a b l e  c o n t r o l l e d  v a r i a t i o n  o f  o u t p u t s  by a d j u s t i n g  t h e  
o p e r a t i n g  c o n d i t i o n s  o r  " c r a c k i n g  s e v e r i t y "  o f  t h e  p y r o l y s i s  
p r o c e s s .  A l s o ,  when l i q u i d  f e e d s t o c k s  a r e  u s e d ,  t h e  b y - p r o d u c t s  
a r e  l i q u i d s  e a s i l y  t r a n s p o r t e d  a s  b u l k y  m a t e r i a l s .  ( L i q u i d  
e t h y l e n e  and p r o p y l e n e  can  be  s h i p p e d ,  i n  s p e c i a l  t a n k e r s ) .  A 
S h e l l  f o r e c a s t  o f  t h e  U.S. e t h y l e n e  supply/demand p i c t u r e  shows 
t h e  e x p e c t e d  change  i n  f u t u r e  f e e d s t o c k  p a t t e r n s  i n  t h e  U.S. 
( F i g u r e  1) .  
To re spond  t o  t h e  v a r y i n g  demands f o r  t h e  p r o d u c t s  o f  a  
p e t r o c h e m i c a l  complex,  t h e  e t h y l e n e  p l a n t  m u s t  b e  a b l e  t o  
p r o c e s s  s e v e r a l  f e e d s t o c k s  a t  d i f f e r e n t  s e v e r i t i e s ,  and some 
o p e r a t o r s  have  r e c e n t l y  been i n v e s t i n g  h e a v i l y  t o  i n c r e a s e  t h e  
f l e x i b i l i t y  of  t h e i r  p l a n t s  ( e . g . ,  S h e l l  i n  U . K . ,  see Chemical  
Marke t ing  R e p o r t e r  1977 [ r e f e r r e d  t o  a f t e r  t h i s  a s  C M R ] ) .  
I n  times o f  p o s s i b l e  f e e d s t o c k  s h o r t a g e ,  t h e  most 
fundamen ta l  n e e d ,  however ,  i s  t o  have  a  d e p e n d a b l e  s o u r c e  o f  
s u p p l y .  T h i s  g i v e s  t h e  major  o i l  companies  a  fundamen ta l  
a d v a n t a g e  o v e r  chemica l  companies  i n  t h e  p e t r o c h e m i c a l s  s e c t o r ;  
an a d v a n t a g e  r e i n f o r c e d  by t h e i r  g e n e r a l l y  g r e a t e r  f i n a n c i a l  
r e s o u r c e s ,  which t h e  e s c a l a t i n g  c a p i t a l  c o s t s  o f  p l a n t  have  
v e r y  much r e q u i r e d .  For example ,  f e e d s t o c k  p r o b l e m s  caused  
n a p h t h a ' s  p r i c e  on t h e  Ro t t e rdam s p o t  marke t  t o  r i s e  from 
$120/ ton i n  J a n u a r y  1978  t o  $200/ ton  i n  J a n u a r y  1979 .  Given 
o t h e r  c o s t s  and co -p roduc t  p r i c e s ,  t h i s  was reckoned  t o  add 
$126/ ton  t o  t h e  p r i c e  o f  e t h y l e n e ;  and t h e  p r i c e  o f  
p o l y e t h y l e n e  c o n s e q u e n t l y  r o s e  from $570/ ton  i n  December 1978 
t o  a l m o s t  $1,00O/ton a t  t h e  b e g i n n i n g  o f  March 1979 (The 
Economist  1979a ,  1 9 7 9 ~ ) .  
Slow economic g rowth  h a s  c o n t r i b u t e d  t o  e x c e s s  p l a n t  
c a p a c i t y ,  however ,  s o  t h a t  a l t h o u g h  t h e  r e d u c t i o n  o f  I r a n i a n  
s u p p l i e s  o r  s i m i l a r  s h o c k s  may c a u s e  v i o l e n t  f l u c t u a t i o n s  i n  
f e e d s t o c k  p r i c e s ,  a  more c h r o n i c  problem l i k e l y  ' t o  p e r s i s t  f o r  
t h e  n e x t  few y e a r s  is  e x c e s s  p l a n t  c a p a c i t y .  The f o l l o w i n g  
s e c t i o n  b r i e f l y  d e s c r i b e s  t h e  main e l e m e n t s  o f  an o l e f i n  p l a n t .  
Million 
Tons 
*Forecast operating rate = 75-80% 
Source: Shell Chemical Co., in Wett 
( 1  978a) 
Figure 1. Forecast of U.S. Ethylene 
Supply/~emand and Feedstock 
Mix. 
3  OLEFIN PLANTS, SCALE AND PETROCHEMICAL COMPLEXES 
- ------ ------- ----- --- ------------- --------- 
3.1  B a s i c  Technology  o f  P l a n t s  
--- ----- -------- -- ------ 
Woodhouse e t  a l .  ( 1 9 7 4 )  g i v e  a  good summary o f  t h e  
h i s t o r i c a l  deve lopment  o f  e t h y l e n e  t e c h n o l o g y :  
I n  t h e  1930s  and d u r i n g  t h e  war y e a r s ,  e t h y l e n e  
was p roduced  i n  s m a l l  amounts  by a  v a r i e t y  o f  
r o u t e s .  These i n c l u d e d  t h e  d e h y d r a t i o n  o f  
e t h a n o l  and t h e  h y d r o g e n a t i o n  o f  a c e t y l e n e ,  a s  
w e l l  a s  t h e  r e c o v e r y  o f  e t h y l e n e  from coke-oven 
g a s .  
A s  t h e  demand f o r  e t h y l e n e  a s  a  p e t r o c h e m i c a l  
f e e d s t o c k  s t a r t e d  t o  i n c r e a s e ,  p l a n t s  were b u i l t  
ba sed  on t h e  t h e r m a l  c r a c k i n g  o f  p e t r o l e u m  
f r a c t i o n s .  I n  t h e  U.S., p l a n t s  were based  on 
e t h a n e  c r a c k i n g .  I n  1942 ,  B r i t i s h  C e l a n e s e  b u i l t  
a  p l a n t  t o  c r a c k  g a s  o i l  under  vacuum t o  p r o v i d e  
e t h y l e n e  f o r  f u r t h e r  c o n v e r s i o n  t o  e t h a n o l  and 
a c e t i c  a c i d .  
The t remendous  i n c r e a s e  i n  demand f o r  e t h y l e n e  
o v e r  t h e  l a s t  20 y e a r s  h a s  b r o u g h t  w i t h  i t  b i g  
c h a n g e s  i n  t e c h n o l o g y  and even  b i g g e r  c h a n g e s  i n  
t h e  s i z e  o f  p l a n t s .  E a r l y  p l a n t s  based  on 
t h e r m a l  c r a c k i n g  o f  p e t r o l e u m  d i s t i l l a t e s  had 
c a p a c i t i e s  o f  a b o u t  30,000 t o n s / y r  o f  e t h y l e n e .  
A f t e r  a b o u t  1965 ,  many companies  t h a t  
t r a d i t i o n a l l y  had been e t h y l e n e  s u p p l i e r s  
s t a r t e d  t o  i n v e s t  i n  downstream u n i t s  and became 
p r o d u c e r s  o f  e t h y l e n e - b a s e d  d e r i v a t i v e s :  
c o n v e r s e l y ,  many consumer companies  s t a r t e d  t o  
b u i l d  t h e i r  own p l a n t s  t o  s a t i s f y  c a p t i v e  n e e d s .  
Along w i t h  t h e s e  d e v e l o p m e n t s ,  e t h y l e n e  
p i p e l i n e s  were  b u i l t  i n  a r e a s  such  a s  t h  G u l f  
Coas t  o f  Texas ,  l i n k i n g  p r o d u c e r  and consumer 
p l a n t s .  
I n  t h e  e a r l y  1 9 6 0 s ,  c a p a c i t i e s  had r i s e n  t o  
100 ,000  t o n s ,  and p r e s e n t - d a y  p l a n t s  have  
c a p a c i t i e s  a s  h i g h  a s  500,000 t o n s / y r .  T h i s  
c a p a c i t y  w i l l  p r o b a b l y  n o t  be exceeded  b e c a u s e  
t h e  economies  o f  s c a l e  s t o p  a t  abou t  t h i s  p o i n t  
f o r  a  number o f  f a c t o r s :  f o r  example ,  some o f  
t h e  major  i t e m s  o f  equipment  r e a c h  a  s i z e  t h a t  
r e q u i r e  f i e l d  f a b r i c a t i o n .  
These e v e n t s  combined t o  s h a p e  t h e  i n d u s t r y  i n  
t h e  U.S., J a p a n  and Western  Europe i n t o  what 
exists today, i.e., large plants of 
300,000-500,000 ton/yr capacities, feeding 
either downstream units located on adjacent 
sites, or pipeline systems. 
Figure 2 outlines the common basic process scheme in 
ethylene plants, and the main stages are described here. 
The feedstock is mixed with steam, preheated, and 
undergoes py_r_o_ly_sj_s in the radiant coils of the cracking 
furnaces: passing the mixture rapidly through high pressure, 
high temperature conditions under which various chemical 
breakdowns and changes occur. A large plant might have 14 to 18 
furnaces. The pyrolysis conditions, referred to as "cracking 
severity", are of critical importance in determining the mix of 
resulting products. In addition to the original input of 
feedstock, re-cycled ethane may be returned for cracking, and 
the outputs added to the primary stream. The mixture of cracked 
gas and steam is cooled in a quench exchanger (not shown), the 
heat removed generating high pressure steam. The cooled gas 
then passes to the prefractionator, where it is cooled by 
circulating oil streams to remove the heavy fuel oil and gas 
oil fractions. Further cooling in the quench tower condenses 
the.steam and most of the gasoline product. 
The cracked gas is then compressed and cooled in four or 
five stages, with condensate stripping between stages, and 
caustic washing removes the acid gases (carbon dioxide, 
hydrogen sulphide) which cannot be tolerated in the final 
product. After drying (which is essential to avoid icing 
problems in the following stages), a hydrogen-rich stream is 
removed in the demethanizer feed circuit. This enhances 
separation of methane from ethylene and heavier hydrocarbons in 
the demethanizer tower. 
The demethanizer tower, operating at temperatures around 
-75 c, pressure 35 kg/cm2 (500 p s i . ,  is the dominant 
physical unit of the plant: a recently installed Gulf Coast 
unit was 61 meters high, 5 meters in diameter, and weighed 500 
tons. 
The demethanizer bottoms (i.e., those products in liquid 
phase under these conditions) are passed to the de-ethanizer, 
whose overhead stream contains an ethane-ethylene mixture, and 
some acetylene, which is catalytically hydrogenated to become 
ethane or ethylene. The ethylene fractionator splits the 
mixture to yield ethylene overhead, with ethane being drawn off 
for fuel or re-cycled. 
The deethanizer bottoms are sent to the depropanizer, 
which produces an overhead stream rich in propylene; after 
further hydrogenation, this is saleable as chemical-grade 
propylene. (Polymer grade propylene requires further 
fractionation.) The bottoms stream from the depropanizer is 
debutanized to yield a mixed-C4 stream suitable for butadiene 

extraction, and the bottoms stream from the debutanizer is 
merged with the pyrolysis gasoline to yield a stream suitable 
for blending into gasoline, and from which after further 
treatment the aromatics can be extracted. 
The utilities systems associated with the processing are 
complex, involving large amounts of refrigeration, fuel, 
cooling water and steam. Woodhouse et al. (1974) list the 
following equipment for a typical 500,000 tons/year naphtha- 
based cracker : 
Egu ipmen t 
- -- ---- ------- Quantity 
Cracking furnaces 
Other furnaces 
Reactors and drivers 
Drums 
Fractionating towers 
Tanks 
Pumps and motors 
Compressors and drivers 
Heat exchangers 
Miscellaneous (filters, etc.) 
Piping 
16-18 
2-3 
11 
105 
12 
6 
11 0 
3 
200 
100 
4000 tons 
The associated instrumentation and control systems are 
correspondingly complex, and to implement the range of 
alternative operating patterns which circumstances may call 
for, extensive computer-based on-line control systems are a 
necessity. Computer simulation is of course extensively used at 
the design stage (Bergen and Asgari 1978, Goossens et al. 
1978). 
3.2 The Growth and Limitations of Plant Scale 
--- --- ------ --- ----------- -- ----- ----- 
From the early 1950s to the late 1960s, the increase in 
scale of ethylene plants was remarkable, maintaining a fairly 
steadyrelationship with the growth of the total market. 
Simmonds (1969) summarized the data as shown in Figure 3. This 
shows the maximum size of U.S. plant reaching 550,000 (metric) 
tons of ethylene per year, against a total U.S. market size 
approaching 9 million tons in the early 1970s. Growth rates of 
total market have since slowed because of both the general 
slackening of industrial growth in the 1970s, and more 
specifically because of the rising cost of feedstocks; but U.S. 
output in 1978 had reached approximately 13.5 million tons, 
while the maximum plant size is now 635,000 tons/year (e.g., 
Shell's Deer Park, Texas plant) and a 680,000 tons/year plant 
is under construction (Shell's Norco, Louisiana plant) (The Oil 
and Gas Journal 1978 [referred to after this as OGJI). 
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Figure 3. Growth in Scale of Ethylene Production and Maximum 
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The reasons for the growth of scale have been conventional 
economies of scale, in both capital cost of construction and 
labor productivity. An October 1973 estimate by Shell staff 
(European Chemical News 1973 [referred to after this as ECN]) 
showed the following scale economy: 
Capacity 
(tons/year) 
100,000 
200,000 
300,000 
400,000 
500,000 
Total cost %/ton 
of ethylene production 
58 
48 
42 
39 
37 
though these figures are identical with, and presumably drawn 
from, Walley and Robinson (1972), who described them as "1975 
basis". 
Simmonds (1969) drew attention to the problems faced by 
smaller producer countries (such as Canada) when the pursuit of 
these economies of scale was leading to plants of a size large 
in relation to the total national market, and this. is 
illustrated by the Canadian data in Figure 3. The financial and 
flexibility implications for companies could also be serious, 
when their entire capacity might become less than the output of 
the latest, largest plant. It was therefore with some relief 
that Coquillette (1974) could at that time report the levelling 
off of maximum scale at 450,000 tons/year. Coquillette pointed 
out that this size became standard in 1965, when total U.S. 
production was 4.3 million tons/year and the market was 
expanding at 500,000 tons/year, so that a new plant represented 
10% of demand. With 1974 production estimated at 11 million 
tons/year and growth 900,000 tons/year, a new plant would 
represent only 4% of total demand, and thus such additional 
increments of capacity no longer resulted in major 
supply/demand imbalance. 
An important and critical article was published by Walley 
and Robinson of Shell Chemicals U.K. in 1972, pointing out that 
the type of calculation leading to the figures quoted above 
"has been repeated so many times, that it has attained a sort 
of sanctity which is difficult to challenge. The conclusion is 
always that the larger the plant, the lower the costs, and by 
implication the larger the profit. However, as a means of 
optimizing an investment decision it is completely wrong." They 
point to the unrealistic assumption of full-capacity operation, 
and the neglect of the three-year build-up to maximum 
utlization. Even more important, "the most significant factor 
determining the optimum capacity of a plant is the demand for 
its products". Particularly in the European environment, and 
even on the 1972 forecast growth rates, only four large new 
plants per year would be required; but there were 30 olefin 
producers in Europe. They conclude that "it is unlikely that 
v e r y  l a r g e  p l a n t s  w i l l  be economic ,  o t h e r  t h a n  i n  a  few a r e a s  
o f  h i g h  p e t r o c h e m i c a l  a c t i v i t y  and demand...much o f  what h a s  
been ,  and st11 i s  b e i n g  w r i t t e n  abou t  t h e  a d v a n t a g e s  o f  v e r y  
l a r g e  p l a n t s  i s  s e r i o u s l y  m i s l e a d i n g ,  i f  n o t  c o m p l e t e l y  wrong." 
The a u t h o r s  d i d  n o t  r u l e  o u t  f u r t h e r  g i a n t  p l a n t s  - g i v e n  
S h e l l ' s  Deer Pa rk  and Norco p l a n t s ,  i t  would be  e m b a r r a s s i n g  i f  
t h e y  had - b u t  f o r e s a w  c o r r e c t l y  t h e  t r e n d  t o w a r d s  c o - o p e r a t i o n  
between e n t e r p r i s e s .  
However, t h e  l e v e l l i n g  o f f  i n  p l a n t  p h y s i c a l  s c a l e  d i d  n o t  
a r r e s t  t h e  growth  i n  s c a l e  o f  f i n a n c i a l  commitment,  d r i v e n  n o t  
o n l y  by i n f l a t i o n  b u t  by a  change  o f  t e c h n o l o g y  i n  t h e  move 
towards  h e a v i e r  f e e d s t o c k s ,  w i t h  i m p l i c a t i o n s  f o r  n e c e s s a r y  
i n v e s t m e n t  i n  downstream p r o c e s s i n g .  
Kearney ( 1 9 7 5 )  g a v e  t h e  f o l l o w i n g  d a t a  i n  a  p a p e r  drawing  
a t t e n t i o n  t o  t h e  e x h a u s t i o n  o f  p l a n t  s c a l e  economies  ( d a t a  
c o n v e r t e d  t o  m e t r i c )  : 
I n  1967 ,  a  230,000 t o n s / y e a r  p l a n t  c o s t  a b o u t  
$25 m i l l i o n  f o r  a  u n i t  c a p i t a l  c o s t  o f  
$ l l O / t o n / y e a r .  By 1972-73, t h e  c o s t  o f  t h e  
230,000 t o n s / y e a r  p l a n t  would have  i n c r e a s e d  t o  
$37.5 m i l l i o n ,  o r  a  u n i t  c a p i t a l  c o s t  o f  
$160 / ton /yea r .  By g o i n g  t o  t h e  450,000 
t o n s / y e a r  p l a n t , ,  f o r  a  c o s t  o f  a b o u t  $60 
m i l l i o n ,  t h e  company c o u l d  p roduce  e t h y l e n e  a t  a  
u n i t  c o s t  o f  $130 / ton /yea r .  The l a r g e r  p l a n t  
p e r m i t t e d  a  r e d u c t i o n  i n  u n i t  c a p i t a l  c o s t  
a l m o s t  enough t o  o f f s e t  t h e  e f f e c t s  o f  
i n f l a t  i o n .  
Kearney e s t i m a t e s  t h e  1978-80 c a p i t a l  c o s t  f o r  a  450,000 
t o n s / y e a r  p l a n t  a s  $120 m i l l i o n  based  on e t h a n e ,  o r  $200 
m i l l i o n  based on n a p h t h a ;  r a i s i n g  u n i t  c o s t s  f o r  e t h y l e n e  t o  
$440/ ton /year  ( a f t e r  a l l o w i n g  f o r  by-product  c r e d i t s  from t h e  
naph tha  p l a n t ) ,  i . e . ,  f o u r  times t h e  1967 l e v e l .  U . K .  e s t i m a t e s  
a t  t h e  same d a t e  were  much h i g h e r :  %I20  m i l l i o n  f o r  a  500,000 
t o n s / y e a r  e t h y l e n e  p l a n t ,  p l u s  %480 m i l l i o n  f o r  accompanying 
downstream i n v e s t m e n t  (ECN 1975)  . 
A more c a r e f u l l y  p r e s e n t e d  a n a l y s i s  o f  t h e  same v i n t a g e  
was t h a t  by Hansen ( 1 9 7 5 )  who c o u l d  draw on t h e  e x p e r i e n c e  o f  
t h e  --- s i x  e t h y l e n e  p l a n t s  c o n s t r u c t e d  o v e r  many y e a r s  a t  
Wesse l ing  i n  West Germany. T h i s  i s  summarized i n  T a b l e  2 ,  f o r  
bo th  t h e  h i s t o r i c  p l a n t s  and a  h y p o t h e t i c a l  f u t u r e  p l a n t  t o  
open i n  1982. 
Hansen p o i n t s  t o  t h e  d e c l i n e  i n  c o s t s / t o n  o f  e t h y l e n e  
p roduced ,  f a l l i n g  t o  i t s  l o w e s t  i n  t h e  1968 p l a n t ;  t h e  r e a s o n s  
b e i n g  t h e  economies  from l a r g e - s c a l e  o p e r a t  i o n ,  c o u p l e d  w i t h  
b i g  advances  i n  c o n v e r s i o n  e f f i c i e n c y .  B u t  p l a n t  G6 r e p r e s e n t e d  
a  landmark,  i n  t h a t  u n i t  c o s t s  r o s e ,  i n  s p i t e  o f  t h e  g rowth  i n  
s c a l e ,  because  o f  a  40% (DM) r i s e  i n  c o s t s  o f  c o n s t r u c t i o n  and 
equipment  between 1968 and 1972.  For r e a s o n s  o f  f l e x i b i l i t y  and 
r i s k s  o f  n a p h t h a  s h o r t a g e s  i n  t h e  f u t u r e ,  p l a n t  G7 w i l l  
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probably be a mixed gasoil/naphtha cracker; but supposing it 
were a replica of G6, the costs/ton of installed capacity will 
have tripled from 1972 to 1982. Hansen concludes: 
There is no possibility of offsetting this cost 
by further economies of scale: increases in the 
size of ethylene plants are technically feasible 
but would lead to only marginal reductions in 
cost/ton. The two main factors which in the past 
helped cut the cost of producing ethylene 
(improvements in technology and a larger scale 
operation) are likely to be less important in 
the future than two new ones - feedstock costs 
and the cost of building or constructing the 
plant. 
A factor in rising capital costs has been the rise in 
construction period, although Kearney (1975) emphasizes that no 
significantly new technical problems are encountered; at the 
450,000 tons/year level, the two largest towers for LPG plants 
have already to be field-fabricated, because of their 
diameters. Field fabrication "requires some extra construction 
time and field coordination in getting the total plant built 
because of the added activities at the site." Woodhouse et al. 
(1974) make explicit estimates for the time-lag from an October 
1973 decision to date of start-up for hypothetical plants of 
various capacities: 
Capacity, tons/year 
300,000 
450,000 
900,000 
Duration 
30 months 
36 months 
42 months 
A similar estimate, 33 to 40 months, was given by Van 
Dalen in March 1975, in a speech referring to the increased 
number of critical delivery items, the increasing difficulty of 
obtaining standard units for very large plant, the problems of 
site fabrication and the general trend of inflation of 
unpredictable magnitude (Greek, 1975). Van Dalen estimated 
350,000 tons/year of ethylene as a lower limit of viability for 
capacity, 600,000 tons/year as the upper limit. 
The combination of increased construction time, increased 
capital cost and rapid inflation, as foreseen by Hansen (1975), 
has led to increased financial problems for producers, who have 
had difficulty in obtaining the price levels necessary to fund 
large new investments, particularly in a situation of excess 
capacity. Disenchantment with economies of scale was expressed 
by ICI Director J. Harvey-Jones in October 1976 (OGJ 1976b): 
... feels the economies of scale have been 
largely explored. A trend away from very large 
plants has appeared. Only a few years ago, he 
said, ICI was considering the probability of 
building a 1-million ton/year ethylene plant. 
Investment decisions now are heading toward the 
350,000 ton area. 
We return in the final section, on "Issues", to the re- 
thinking of plant design concepts which is now taking place. 
3.3 Petrochemical Complexes 
--- ------------- --- ----- 
The development of bulk markets for ethylene ~~products 
and derivatives, and the economies of scale in these plants 
have encouraged the development of massive, integrated 
industrial complexes. In these, transport costs and delays can 
be minimized, and inter-process stocks of intermediate products 
reduced to the smallest levels sufficient to cover short-term 
fluctuations. In 1975, Nahas of C-E Lummus (reported by Greek, 
1975) envisaged a plant to crack crude oil directly to 
petrochemicals; giving more efficient use of raw materials; 
minimal loss of products to fuel, by recycling them to other 
units; and maximum thermal efficiency through a central 
utilities system. He estimated the cost of a 700,000 tons/year 
(ethylene) plant on the Gulf Coast, using a light Arabian crude 
oil, as $750 million. 
Developments since have confirmed these forecasts, both 
for the closer integration of olefin plants with refineries, 
and the downstream integration to derivative products. Some of 
the recent moves in this direction are described below. 
Atlantic Richfield Company (ARC0)'s long-established 
Houston refinery (Texas) has been expanded (August 1976) to 
supply a giant olefins complex ten miles away at Arco 
Chemical's Channelview plant, which comprises two 500,000 
tons/year ethylene crackers. These went on line in 1976 and 
1977 (Aalund 1978, Wett 1978b). An example of the many 
synergistic links between the plants is the return from the 
olefins plant of the pyrolysis gasoline, which will be 
important in helping the refinery to meet the growing demand 
for unleaded gasoline. The refinery can supply basically four 
types of feedstocks to the olefin plant (ranging from light 
naphtha to light vacuum gas oil), the amount of each depending 
on economics each month. As with many European complexes, 
naphtha can be diverted to the olefin plant from the refinery's 
catalytic reformer if a temporary surplus of motor gasoline 
develops. A summary diagram of the ARCO complex is shown in 
Figure 4. Further integration downstream is also typical of 
oil-company moves. Ethylene and propylene from ARCO will be 
used by Oxirane, a joint venture with Halcon International, to 
produce propylene oxide, ethylene oxide, and styrene: and by 
ARCO Polymers for polyethylene. 
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Source:  Aalund (1978) .  
F i g u r e  4 .  The ARC0 Houston-Channelview Ref ine ry -  
P e t r o c h e m i c a l s  Complex 
The f i n a n c i a l  s c a l e  and market r a m i f i c a t i o n s  of  such 
complexes have encouraged t h e  fo rmat ion  o f  c o n s o r t i a  o r  j o i n t  
v e n t u r e s ,  a s  i n  t h e  f o l l o w i n g  examples.  
P e t r o s a r  i n  O n t a r i o ,  Canada, is  owned 60% by P o l y s a r  L t d . ,  
20% by Du Pont o f  Canada Ltd . ,  and 20% by Union C a r b i d e  Canada 
L td .  S t a r t i n g  wi th  c r u d e  o i l ,  i t  produces  450,000 t o n s / y e a r  of 
e t h y l e n e ,  a s  w e l l  a s  t h e  u s u a l  r ange  of  co -p roduc t s  a s s o c i a t e d  
wi th  a  naphtha f e e d s t o c k .  P e t r o s a r  w i l l  feed  e t h y l e n e  and 
benzene t o  P o l y s a r ' s  new e t h y l b e n z e n e / s t y r e n e  p l a n t .  
One of t h e  l a r g e s t  e t h y l e n e  p l a n t s  c u r r e n t l y  under 
c o n s t r u c t i o n  is  S h e l l ' s  680,000 tons /yea r  p l a n t ,  based on heavy 
l i q u i d s ,  which i s  be ing  added t o  i t s  complex a t  Norco, 
L o u i s i a n a .  The e x i s t i n g  complex i n c l u d e s  a  240,000 b/d r e f i n e r y  
and two o t h e r  major o l e f i n  p l a n t s  wi th  a  t o t a l  e t h y l e n e  
c a p a c i t y  o f  700,000 t o n s / y e a r .  While not  a  consor t ium,  t h e  
s c a l e  of p r o d u c t i o n  i s  based s u b s t a n t i a l l y  on long-term 
c o n t r a c t s  wi th  cus tomers  f o r  t h e  o u t p u t s .  
C o n t i n e n t a l  O i l  and Monsanto, an o i l  and a  chemical  ma jo r ,  
have agreed on a  j o i n t  p r o j e c t  t o  make a  major expanson of  
Monsanto's existing petrochemical complex at Chocolate Bayou, 
Texas, while Conoco construct a complementary feedstock- 
manufacturing unit at their Lake Charles, Louisiana, refinery. 
A similar joint venture is under way between Champlin Petroleum 
Co., ICI Americas and Solex Polymer Corp., at Corpus Christi, 
Texas. 
These ventures combine a determination to obtain the 
benefits of large-scale integration with a desire to limit the 
exposure on massive single investments by some of the companies 
involved. The complexity of operating and controlling the 
plants appears to be satisfactorily solved by current computing 
and software capabilities. The greater risks remain in the 
external environment, affecting feedstock availability or end- 
product demand, and in the co-ordination of long, complex 
construction projects. Problems have been encountered where one 
element in a complex is delayed - e.g., oilfield gas had to be 
flared because of hold-ups in the construction of an ethylene 
cracker at Tobolsk, and a similar delay at the Lisichansk 
project meant that downstream chemical plants were starved of 
ethylene (The Economist, 1979b) . 
Some of the risks of co-ordination problems may be 
resoluble by yet further integration and proximity between 
independent operators, through the development of joint-use 
pipeline and storage networks such as Union Carbide has 
constructed to support its ethylene purchasing strategy in the 
Gulf Coast area (Wett, 1978a). 
4 CURRENT WORLD SITUATION 
- ------- ----- --------- 
Current 
------- 
Capacity 
-- ---- 
and 
--- 
Locations 
--------- 
Under the heading "Ethylene market faces overcapacity 
future", The Oil and Gas Journal (Wett 1978c) last year 
reported worldwide ethylene capacity as well in excess of 
demand, with expected additional capacity currently under 
construction likely to maintain this situation well into the 
1980s. The journal listed all the plants on stream in the 
Western world, and the figures are summarized in Table 3. 
A breakdown by continent from the same article, including 
the 1977 figures, shows a 21% increase in capacity from 1977 to 
1978 (Table 4). 
Figure 5 shows the size distribution of the plants listed 
in the Oil and Gas Journal article; those above 550,000 
tons/year are probably all multi-unit, rather than single-train, 
plants. 
During the early 1970s, ethylene demand surged ahead and 
projects proliferated. Following the rise in energy costs and 
worldwide economic slowdown, utilization levels have fallen as 
new capacity came on stream, and current projects will add 3.9 
T a b l e  3. E t h y l e n e  C a p a c i t y  by C o u n t r i e s ,  as  o f  30 J u n e  1978 
Country  Number o f  P l a n t s  
C a p a c i t y  
( ' 000 t o n s / y e a r  
e t h y l e n e )  
Uni t ed  S t a t e s  
A r g e n t i n a  
A u s t r a l i a  
A u s t r i a  
Belgium 
B r a z i l  
Canada 
C h i l e  
Colombia 
Denmark 
F i n l a n d  
F r a n c e  
Germany (FRG) 
Greece 
I n d i a  
I r a n  
Israel  
I t a l y  
Japan 
Korea (S . )  
Mexico 
N e t h e r l a n d s  
Norway 
P u e r t o  Rico  
Qatar 
South  A f r i c a  
S p a i n  
Sweden 
Taiwan 
Turkey 
Uni t ed  Kingdom 
Venezuela 
1 ( s h u t  down) 
TOTAL 
(EXC.  S o c i a l i s t  C o u n t r i e s )  135 
Source :  Wett ( 1 9 7 8 ~ )  
T a b l e  4 .  E t h y l e n e  C a p a c i t y  by  Wor ld  ~ e g i o n s ,  as  o f  30 J u n e  1978  
A r e a  1977  1978 X 
( ' 0 0 0  m e t r i c  t o n s / y e a r )  i n c r e a s e  
N o r t h  A m e r i c a  1 3 , 4 7 8 . 7 6  1 4 , 9 2 9 . 4 7  1 0 . 8  
L a t i n  Amer i ca  1 , 8 8 9 . 8  2 , 4 9 3 . 8  3 2 . 0  
A s i a / P a c i f i c  5 , 7 1 6  6 , 7 1 8  1 7 . 5  
W e s t e r n  E u r o p e  1 3 , 5 1 4  1 7 , 4 3 9  2 9 . 0  
O t h e r s  244 550 25 .4  
T o t a l  (exc.  
soc i a l i s t  c o u n t r i e s )  3 4 , 8 4 2 . 5 6  4 2 , 1 3 0 . 2 7  20 .9  
S o u r c e :  W e t t  ( 1 9 7 8 ~ ) .  
NUMBER 
CAPACITY, ' 0 0 0  METRIC TONS/YEAR 
S d u r c e :  B a s e d  o n  W e t t  ( 1 9 7 8 ~ )  
F i g u r e  5.  E t h y l e n e  P l a n t  S i z e  D i s t r i b u t i o n  as  of  30 J u n e  1978  
million tons (28%) to U.S. capacity by 1980, barring closures 
of older (smaller) plants. Many of the new projects are 
450,000-550,000 ton plants, at the top end of the size range, 
while closures are concentrated at the bottom end. 
In Western Europe (EEC plus Austria, Spain and 
Scandinavia), the overcapacity situation looks more serious, 
according to the December 1977 forecast by the European Council 
of Chemical Manufacturers' Federations (Cefic 1977). This is 
summarized in Table 5. 
4.2 Factors of Change in Market Structure 
--- ------- -- ---- - -- ------ --------- 
We defer to sections 5.2 and 5.4 the questions of 
technical change in plant design, but note here some of the 
major dynamic influences currently affecting the world market 
position for ethylene. 
First of all, the bringing on stream of the large new 
plants is almost invariably accompanied by closure of old 
units. A dramatic example is provided by Dow Chemical (U.S.A.), 
who in September 1978 announced the closure of their San 
Francisco plant (70,000 tons/year). The local manager was 
quoted (Midland Daily 1978) as follows: 
The 20-year-old plant was unable to compete with 
newer plants six times its size which can be run 
by about the same number of employees. This 
plant is only a sixth as big as world scale, 
which is a billion pounds of ethylene produced 
per year. Dow has 14 petrochemical plants in the 
world. Half of them are small, like the Bay City 
plant, and the rest are world scale. The small 
plants will all be shutting down by the end of 
next month because they aren't economical. 
A feature which has marked the development of the ethylene 
industry over recent years has been the expansion downstream by 
the oil companies, whose capital spending has been 
significantly disproportionate to their sales representation 
(CMR 1976). This has not been the result of aggressive 
diversification, however, but the logic of the switch towards 
heavier feedstocks, itself a necessary result of the decline 
(in the U.S.) of natural gas liquids since 1972. The oil 
companies, as refiners, control the availability of these 
heavier feedstocks, and can moreover market the significant 
fuel by-products which result from their use. As the Economist 
reported (1979a) "Companies which do not have their own 
production of base chemicals are being squeezed out of some 
markets - like Monsanto, Union Carbide and Conoco last year." 
As pointed out in 2.2, Europe and Japan have been users of 
naphtha or gas oil for many years, and therefore this pattern 
of oil-petrochemical integration has for long been standard in 
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these areas. Moreover, the availability of naphtha on the 
Rotterdam spot market has enabled chemical firms to assume and 
to rely upon its continued availability. Should the recent 
shortages of naphtha persist, it will emphasize the importance 
of technologies which might permit the use of other feedstocks: 
direct use of crude oil, coal (via liquefaction), or biomass 
(plants). Kureha in Japan have for many years operated a small 
crude oil based ethylene plant (Greek 1975), and they and 
Chiyoda are reported recently (The Economist 1979d) as having 
done the basic development work. Thus the technological base 
for the current structure of the industry cannot be taken as 
fixed in the longer term. 
The geographical distribution is also undergoing 
significant evolution, in ways not reflected in the static 
picture shown in Tables 3 and 4. Natural-resource-rich 
countries are naturally anxious to add maximum value at the 
point of origin, and are reluctant to remain solely producers 
of crude oil or natural gas. There are at least five distinct 
geographical areas in which major change is taking place. 
Mexico is planning to quadruple its capacity to 1.6 
million tons by 1982 (Gancia 1978). 
The North Sea basin is a stimulus to the growth of 
oil/petrochemical based complexes in Norway, the U.K. and 
Northern Europe. The U.K. government has repeatedly spoken (CMR 
1977, COI 1978) of its desire to see four new ethylene crackers 
by 1988 to restore U.K. market share of Western European 
supply, but so far European investment has mainly been centered 
on Belgium and the Netherlands. There are currently 19 ethylene 
projects in the planning or construction stage in Western 
Europe (Wett 1 9 7 8 ~ ) ~  but many of these have been delayed or 
deferred. 
In North Africa and the Middle East, the ethylene projects 
listed in Table 6 were noted in the 1976 U.K. study (UKCEDC 
1976). 
The timing of many of these projects is, as elsewhere 
very uncertain. The U.K. report comments: 
The investment intentions are extremely large 
but to put them into perspective it is unlikely 
that the countries concerned will be able to 
produce more than 800,000 tons of ethylene in 
1980 and not more than 2 million tons by 1985. 
It would be surprising if the totals given were 
achieved by the turn of the century. 
Nevertheless, companies will have to take the 
plans of Middle Eastern producers into account 
in assessing their own investment intentions and 
their feedstock sources. 
Table 6. Ethylene Projects in North Africa and Middle East, 
March 1976, Capacities in '000 tons per year 
Firm or 
Fairly Firm Under Study Total 
Algeria 420 - 420 
Abu Dhabi - 250 2 50 
Egypt 256 30 0 556 
Iran 360 900 1,260 
Iraq 150 400 550 
Kuwait 120 250 370 
Libya 330 - 330 
Qatar 300 - 309 
Saudi Arabia 1,000 1,500 2,500 
Totals 2,936 3,600 6,536 
In Canada, the federal structure delegates substantial 
control of natural resources to the provincial governments; 
there may be some hyperbole in the Alberta Energy Resource 
Conservation Board's reported belief that (Canadian Chemical 
Processing 1975) "Alberta will become a major center of 
petrochemical production in Canada ... by the end of the century 
some seven world-scale ethylene plants will be based in the 
province using a variety of feedstocks and producing various 
derivative products ... eight new ammonia plants ... six world 
scale methanol producing units...an integrated steel 
industry . . . I '  In support of this development policy, Canada's 
National Energy Board has been restrictive in granting export 
licences for ethane, propane or ethylene; and there have been 
protracted battles with.Dow Chemical over export licences both 
for its planned purchases from Alberta Gas Ethylene and for its 
planned exports from a projected Dow-Dome Petroleum ethane 
cracker (Brender 1974, OGJ 1976a). 
Clearly not all published statements can be taken at face 
value, since there are elements of gaming in the competitive , 
situation, creating the maximum impression that one is about to 
add substantial capacity (to deter others), while in practice 
delaying as long as possible the actual commitment to build (to 
avoid overcapacity, underut ilization and low prices). 
A more immediate and t a n g i b l e  c h a l l e n g e  t o  t h e  Western 
European assumpt ion  t h a t  "consumption = p r o d u c t i o n "  comes from 
t h e  growing e x p o r t s  of E a s t e r n  European chemical  p r o d u c e r s .  A 
Kidder ,  Peabody r e p o r t  summarized in  t h e  Economist (1979b) 
shows Western European e t h y l e n e  c a p a c i t y  growing from rough ly  
1 3  t o  19 m i l l i o n  t o n s  (by  49%)  over  1975-81, w h i l e  E a s t e r n  
European c a p a c i t y  grows from 2.4 t o  5  m i l l i o n  t o n s  (by  1 0 4 % ) .  
Of 16 o l e f i n s  p r o j e c t s  c u r r e n t l y  under way, f i v e  a r e  " b a r t e r "  
p r o j e c t s  i n  which t h e  c a p i t a l  c o s t  of t h e  p l a n t  w i l l  be met 
from s a l e s  o f  i t s  p r o d u c t i o n  on t h e  Western marke t s .  
A comprehensive and up- to-date  review o f  t h e  whole 
chemica l s  i n d u s t r y ,  i n  which t h e  o l e f i n s  p l a y  a  major p a r t ,  was 
r e c e n t l y  p u b l i s h e d  i n  t h e  Economist ( 1 9 7 9 e ) .  
KEY ISSUES I N  ETHYLENE PLANTS 
--- ------ -- -------- ------ 
5.1 I n t r o d u c t i o n  
--- ------------ 
The e x p e r i e n c e  and t h e  problems o f  t h e  chemical  i n d u s t r y  
i l l u m i n a t e  some i s s u e s  of more widespread s i g n i f i c a n c e .  I n  t h i s  
f i n a l  s e c t i o n ,  we s u g g e s t  some o f  t h e s e  i s s u e s  which m e r i t  
d i s c u s s i o n ,  p roceed ing  from t h e  more s p e c i f i c  and t e c h n i c a l  
towards  t h e  more s t r a t e g i c  and gene-ra l .  
5 .2  E thy lene  P l a n t s ,  Economies of  S c a l e ,  Models of Learn ing  
--- --- ---- ------- --------- -- ------ ------ -- ------- 
and Innova t  ion  
--- ---------- 
Ethy lene ,  o r  p e t r o c h e m i c a l ,  p l a n t s  appear  t o  be t h e  
o u t s t a n d i n g  example o f  a  c a p i t a l  i n t e n s i v e  i n d u s t r y ,  i n  which 
t h e  c a p i t a l  c o s t  economies o f  t h e  " t w o - t h i r d s  power" law have 
been demonst ra ted  and a c h i e v e d ,  and t h e  problems o f  
t e c h n o l o g i c a l  sca le -up  f o r  a l l  p a r t s  o f  t h e  p r o c e s s  s o l v e d  a t  
each s u c c e s s i v e  s i z e  of  u n i t .  Labor p r o d u c t i v i t y  improvements 
have been d r a m a t i c ,  r e f l e c t i n g  v i r t u a l l y  c o n s t a n t  manning 
l e v e l s  independent  o f  p l a n t  s i z e .  
The c o n c e n t r a t i o n  o f  e x p e r t i s e  i n  p l a n t  c o n s t r u c t i o n  i n  a  
handfu l  of  g r o u p s ,  and t h e  n e a r - s t a b i l i z a t i o n  s i n c e  t h e  mid- 
s i x t i e s  on a  s c a l e  o f  around 500,000 t o n s / y e a r ,  shou ld  have 
enab led  l e a r n i n g  c u r v e  . e f f e c t s  t o  t a k e  p l a c e  t o  some d e g r e e ;  
p a r t i c u l a r l y  s i n c e  f i r m s  have s p e c i a l i z e d  i n  t h e  v a r i o u s  p l a n t  
components. There i s  e v i d e n c e  o f  t h i s  i n  t h e  improved 
e f f i c i e n c y  and p r o d u c t  s e l e c t i v i t y  achieved i n  p y r o l y s i s .  
However, t h e  c a r e f u l  e m p i r i c a l  s t u d y  by Lau and Tamura ( 1 9 7 2 ) ,  
based on 20 J a p a n e s e  e t h y l e n e  p l a n t s  o f  v i n t a g e s  from 1958 t o  
1969,  a l t h o u g h  s u p p o r t i n g  t h e  c l e a r c u t  c a p i t a l  and l a b o r  
economies of s c a l e ,  f i n d s  no e v i d e n c e  of  t e c h n i c a l  p . rogress  
o t h e r  than  t h a t  embodied i n  s c a l e  i n c r e a s e .  The i r  key 
c o n c l u s i o n s  were a s  f o l l o w s :  
We observe that the estimated scale coefficient 
for capital is very close to the "six-tenths" 
factor customarily used by engineers in cost 
estimation. The Scale coefficient for labor is 
not significantly different from zero, 
indicating extreme economies of scale in labor. 
... once that fixed level is reached, output can 
be increased to any _l_e_v_e_l by merely increasing 
other inputs while--holding labor at a fixed 
level. ... Both the energy and raw materials 
scale coefficients are close to one, indicating 
constant returns. In other words, energy and raw 
materials are ued in fixed proportions to 
output. The technical change parameters are on 
the whole not significantly different from zero. 
In fact we cannot reject the hypothesis of no 
technical change. This implies that any 
technical progress that is present in the 
petrochemical progress must be embodied in scale 
rather than in capital goods of a given vintage. 
It may be that "learning" attributable to repeated 
production (and therefore improvement) of basically identical 
components (if not whole plants) will have progressed 
sign.ificantly only since the late 1960s when plant size 
levelled off, in which case the Lau and Tamura data would 
scarcely capture it. 
The issues raised by the combination of scale effects and 
the possibility of "learning curve" cost reduction are 
fundamental to the whole theory and application of learning 
curves, which suggest that for every doubling of cumulative 
output, unit costs can be reduced by a certain proportion 
(typically around 20%). There is not space here to do more than 
pose a few of the questions raised by this. First of all, is 
the cumulative output referred to 
(a) of ethylene 
(b) of ethylene plants - including all stages of 
design, manufacture, erection and commissioning 
(c) of major components - pyrolysis furnaces, quench 
towers, compressors, heat exchangers, 
fractionation columns, etc. 
One could expect experience curves to be applicable to all 
three of the above categories. Obviously there has been a 
reduction in the unit resourcecost per ton of ethylene Produced 
- but does the experience curve include or exclude the plant 
scale economies to which much (or, according to Lau and Tamura, 
all) of this cost reduction is attributable? Such questions 
highlight the llblack-box" nature of the learning curve model - 
and we share Gold et al's view (1975) of the desirability of 
penetrating beneath such approaches to modeling change and 
innovation. 
In a d d i t i o n  t o  t h e  above d i v i s i o n  of  l e a r n i n g  a r e a s  i n t o  
c a t e g o r i e s ,  one can ask whether t h e  l e a r n i n g  p roces s  proceeds  
i n  a  worldwide p a r a l l e l  p r o c e s s ,  o r  i n  i n s u l a t e d  compartments 
each a t  d i f f e r e n t  p o i n t s  on t h e i r  r e s p e c t i v e  l e a r n i n g  curves .  
Observat ion s u g g e s t s  a  high deg ree  of c r o s s  t r a n s f e r  of 
expe r i ence ,  through e d u c a t i o n ,  t r a d e  l i t e r a t u r e ,  l i c e n s i n g ,  t h e  
use of common p l a n t  d e s i g n e r s  and component s u p p l i e r s ;  but 
t h e r e  a r e  examples where i n d i v i d u a l  sub - sec to r s  of  t h e  i n d u s t r y  
may o b t a i n  a t  l e a s t  f o r  some y e a r s  some t e c h n i c a l  advantage 
which they  w i l l  seek t o  main ta in  by s e c r e c y  and/or p a t e n t  
coverage.  The e x t e n t  t o  which such p rog re s s  i s  cont inuous  and 
inc rementa l ,  o r  r a d i c a l  ( r e q u i r i n g  t h e  sc rapp ing  of n o t - f u l l y -  
dep rec i a t ed  o ld  p l a n t )  could be of c o n s i d e r a b l e  s i g n i f i c a n c e  i n  
determining t h e  p a t t e r n  of e v o l u t i o n  of  t h e  i n d u s t r y .  Fur ther  
modeling or  i n v e s t i g a t i o n  of  t h e  d e c i s i o n s  faced and taken by 
t h e  va r ious  a c t o r s  i n  t h e  i n d u s t r y ,  which have cumula t i ve ly  l e d  
t o  t h e  observed agg rega t e  p a t t e r n ,  would r e q u i r e  one " t o  
examine p o s s i b l e  s o u r c e s  of  d i f f e r e n c e  i n  t h e  p r e d e c i s i o n  
environment,  i n  t h e  c h a r a c t e r i s t i c s  of  t h e  innova t ion  and i n  
t h e  bases  f o r  making e v a l u a t i o n s  r e l a t i v e  t o  each c r i t e r i o n  a s  
we l l  a s  f o r  combining t h e  r e s u l t s  i n t o  a  d e c i s i o n . "  (Gold e t  
a l .  1975) 
The s t r u c t u r e  sugges ted  by Gold, P e i r c e  and &segger  
o f f e r s  a  t o o l  f o r  ana lyz ing  t h e  h i s t o r i c  e v o l u t i o n  and c u r r e n t  
s i t u a t i o n  of e t h y l e n e  p l a n t  technology;  i t  i s  summarized i n  
Table 7. D i f f e r e n t  e lements  of  t h i s  t a b l e  w i l l  be of d i f f e r e n t  
s i g n i f i c a n c e  a t  v a r i o u s  phases  of  t h e  i n d u s t r y ' s  development. 
5.3 Ethylene P l a n t s  and Other I n d u s t r i e s  - S i m i l a r i t i e s  and 
--- --- ---- ------ --- ----- ---------- - ------------ --- 
D i f f e r e n c e s  
----------- 
Ethylene p l a n t s  have some c h a r a c t e r i s t i c s  unique t o  
pe t rochemica l s ,  o t h e r s  common t o  a  number of i n d u s t r i e s .  Some 
of t h e  r e s p e c t s  i n  which i t s  c h a r a c t e r i s t i c s  a r e  shared wi th  o r  
d i s t i n c t  from o t h e r  i n d u s t r i e s  a r e  h i g h l i g h t e d  he re .  
The growth of s c a l e  t o  ach i eve  c a p i t a l  c o s t  economies i s  
encounte r ing  c e r t a i n  l i m i t i n g  f a c t o r s  o r  c o u n t e r v a i l i n g  
t endenc i e s .  The extended c o n s t r u c t i o n  per iod  c a u s e s  i nc r ea sed  
c a p i t a l  c o s t  ( th rough  i n t e r e s t  c h a r g e s )  and i nc r ea sed  
u n c e r t a i n t y  ( s i n c e  p l a n t s  have t o  be planned f u r t h e r  ahead ) .  
The extended c o n s t r u c t i o n  pe r iod  is  i t s e l f  caused p a r t l y  by t h e  
need fo r  f i e l d  f a b r i c a t i o n  of l a r g e  u n i t s ,  because t r a n s p o r t  
c o n s i d e r a t i o n s  de te rmine  t h e  maximum s i z e  of u n i t  which can be 
f a c t o r y - b u i l t .  These a r e  f a c t o r s  a l s o  encountered i n  
e l e c t r i c i t y  g e n e r a t i n g  u n i t s .  
The h i g h l y  c a p i t a l  i n t e n s i v e ,  con t inuous  p r o c e s s  flow 
n a t u r e  of t h e  p l a n t s  ha s  pe rmi t t ed  and encouraged t h e  
development of s o p h i s t i c a t e d  i n s t rumen ta t i on  and au tomat ic  
c o n t r o l s .  The demands on i n s t rumen t s ,  t r a n s d u c e r s  and on - l i ne  
computers appear  t o  be we l l  w i th in  t h e  c a p a c i t i e s  of e x i s t i n g  
hardware and so f twa re .  The complex s h o r t  and medium-term 
Table 7. Gold-Peirce-Rosegger Analysis of Predecision Environment for Technical Innovation 
Four most important elements of the Predecision environment: 
Source: Based on Gold et al. (1975). 
IV. Management 
Preferences 
influenced by: 
1. Source of innova- 
tion? 
a) firm's own staff 
b) external source, 
exclusive basis 
c) supplier pro- 
moting wider use 
2. Nature of innova- 
tion? 
a) aliedfamiliar 
technology 
b) use new/existing 
channels 
c) to new/current 
customers 
I. Urqency 
Under greatest 
urgency : 
-- act sooner 
-- favor quick gains 
-- accept greater 
risks 
:II. Nature of needs 
1. ~ncrease/replace capacity 
2. Increase scale of opera- 
tion 
3. Improve product quality 
4. Reduce requirements for 
scarce inputs 
5. Decrease costs by im- 
proved yields 
6. Decrease costs by lower 
factor prices 
7. Increase sales 
111. Alternatives 
to technolog- 
ical innova- 
tion 
1. marketing 
2. organizational 
scheduling problems are readily soluble by mathematical 
programming. This controllability of a. large and complex 
activity may be contrasted with the greater difficulties of 
ontrolling industries with similarly large concentrations of 
apital, but greater labor intensity: such as a steelworks, or 
still more an automobile factory. One might speculate on the 
nature of the differences which make for greater or lesser 
controllability in large-scale systems. 
On a longer-term time scale, most petrochemical complexes 
and their associated facilities may have to be planned as 
transient, rather than permanent, entities, where the 
feedstocks whose location has determined the site of the 
complex have expected depletion periods of under three decades. 
Thus a government might reasonably have reservations about how 
far today's petrochemcals complexes should be allowed to 
influence tomorrow's social infrastructure. A complex without 
its traditional feedstock would seem less capable of conversion 
to alternative uses than, say, a car factory. Demountability 
and termination costs should therefore enter current decisions. 
The intrinsically energy-intensive and volatile nature of 
the products processed, as with an oil refinery, makes risk 
analysis important at all levels from routine operating 
practice to strategic location. 
New 
--- 
Philosophies 
------- ---- 
Plant 
----- 
Design 
---- - 
The limitations on the growth of plant scale, and the 
levelling off of further growth, have already been referred to. 
The plant engineers have not remained passive in this 
situation, and a good deal of radical re-thinking is taking 
place. The prospect of continued over-capacity, increasing 
competition, a slower rate of industry growth and the ending of 
further plant scale increases as the road to greater efficiency 
and competitiveness - such factors as these are contributing to 
the greater sense of urgency marked by Gold et al. as a 
precondition conducive to innovation (see Table 7). There are 
some indications in the literature of the directions that such 
innovation might take. 
The improvements in pyrolysis conditions and coil design, 
the design of the downcomer trays in the fractionation columns, 
are typical of the many small improvements which, although not 
"breakthroughs", contribute to the progress down the learning 
curve. More radical re-thinking is.indicated by Friedman (1977) 
of C-E Lummus. He does not fundamentally question the need for 
large scale. 
"As the technologically difficult transition from oil to 
coal-based feedstock approaches, increased capital 
intensification will unquestionably drive industry to even 
larger installations in the future." He acknowledges, however, 
that "...evidence is beginning to be seen of size and 
dimensional limitations which will impose new demands on 
e n g i n e e r s  and t e c h n o l o g y  managers . "  H e  p o i n t s  t o  t h e  
t r a d i t i o n a l  h a b i t s  o f  d e s i g n e r s ,  which t e n d  t o  t r e a t  t h e  f low-  
s h e e t  d i a g r a m  a s  a  l a y o u t  d e s i g n  o f  t h e  p l a n t ,  and which t h e n  
e n c o u n t e r  p h y s i c a l  l imits on h e i g h t s ,  d i a m e t e r s ,  u n s u p p o r t e d  
s p a n s  e t c .  o f  t h e  p i p e s  and v e s s e l s .  " A t  what d i a m e t e r  is  a  
p i p e  no l o n g e r  a  p i p e ,  b u t  r a t h e r  a  l a r g e  p r e s s u r e  v e s s e l  o f  
p e c u l i a r  g e o m e t r y ?  T h i s  q u e s t i o n  i m p l i e s  t h e  use o f  a  
d i f f e r e n t  d e s i g n  d i s c i p l i n e . "  Emphasiz ing t h a t  s i m p l e  s c a l e - u p  
o f  t r a d i t i o n a l  d e s i g n s  i s  --- n o t  a  s a f e ,  c o n s e r v a t i v e  p h i l o s o p h y ,  
Fr iedman p o i n t s  o u t  how i n t e g r a t i o n  o f  f u n c t i o n s  c a n  e l i m i n a t e  
p i p i n g  and s o l v e  m e c h a n i c a l  p r o b l e m s ,  and c a l l s  f o r  a t t e m p t s  
d e l i b e r a t e l y  t o  seek o u t  t h e  a t y p i c a l  and p o t e n t i a l l y  n o v e l  a t  
a  v e r y  e a r l y  s t a g e  o f  p l a n t  d e s i g n .  D e m o n s t r a t i o n - s c a l e  p l a n t s  
s h o u l d  be d e s i g n e d  on p a p e r  a s  f u l l - s i z e  u n i t s ,  and t h e n  s c a l e d  
down t o  a c t u a l  s i z e .  I n  ways l i k e  t h e s e ,  Fr iedman seeks t o  
f a c i l i t a t e  t h e  c o n t i n u i n g  g rowth  and s c a l e - u p  o f  p l a n t s ,  w h i l e  
r e c o g n i z i n g  and f i n d i n g  ways t o  overcome t h e  s i g n i f i c a n t  
e n g i n e e r i n g  p r o b l e m s .  
R e p o r t s  from ICI  i n  J u n e  ( F i n a n c i a l  Times [ r e f e r r e d  t o  
a f t e r  t h i s  a s  FT] and November (The Economis t )  1978 s u g g e s t  
t h a t  t h e  a s s u m p t i o n  o f  n e c e s s a r y  s c a l e - u p  i s  b e i n g  q u e s t i o n e d  
a l o n g  w i t h  t h e  d e s i g n  c o n c e p t s .  R o b e r t  M a l p a s ,  t h e i r  ( t h e n )  
d i r e c t o r  o f  e n g i n e e r i n g ,  f o r e s e e s  a  r e v o l u t i o n  i n  c h e m i c a l  
p l a n t  d e s i g n .  The f o l l o w i n g  p o i n t s  a r e  summarized from t h e  FT 
European Energy R e p o r t  ( 1 9 7 8 )  : 
-- more e f f i c i e n c y  i n  e n e r g y  consumpt ion  
-- " p l a n t  a f t e r  n e x t "  c o n c e p t ,  by which a s  soon a s  
a  new p l a n t  i s  f i n i s h e d ,  e n g i n e e r s  a r e  a s k e d  t o  
i d e n t i f y  a l l  " i n e l e g a n c i e s "  and p u t  t i m e - s c a l e s  
a g a i n s t  e l i m i n a t i n g  them ( i t  i s  p r o b a b l y  t o o  
l a t e  f o r  t h e  " n e x t "  p l a n t )  
-- use o f  l e a r n i n g  c u r v e s  t o  se t  c o s t  t a r g e t s  
-- p o s s i b i l i t y  o f  h a l v i n g  t h e  s i z e  and r e d u c i n g  t h e  
e n e r g y  r e q u i r e m e n t s  o f  ammonia p l a n t s  w i t h i n  20 
y e a r s  
-- a d v a n c e s  i n  c o n t r o l  e n g i n e e r i n g  t o  t i g h t e n  
e f f i c i e n c y  by p r e v i o u s l y  t o o  h a z a r d o u s  r o u t e s  
-- " i n t e n s i f i c a t i o n "  o f  p r o c e s s  t e c h n o l o g y  by 
p l a n t s  which a r e  b o t h  s m a l l e r  and h a v e  fewer  
s t a g e s  
-- r a p i d  s i t e  a s s e m b l y  o f  p r e f a b r i c a t e d ,  f a c t o r y -  
f i n i s h e d  modules  - o f  up t o  3 , 0 0 0  t o n s  ( a s  i n  
s h i p y a r d s ) .  
The same p h i l o s o p h y  i s  r e p e a t e d  i n  t h e  Economis t  r e p o r t  ( 1 9 7 8 ) ,  
w i t h  t h e  a d d i t i o n  o f  a  summary o f  t h e  p r e s s u r e s  f o r c i n g  s u c h  
i n n o v a t i o n :  
The c a u t i o n  of  many chemical  companies i s  
u n d e r s t a n d a b l e  enough. I n  t h e  i n d u s t r y ' s  s a l a d  
d a y s ,  b e f o r e  t h e  1973 o i l  c r i s i s ,  i n n o v a t i o n  
rode  on t h e  back of  r a p i d  demand-induced 
expans ion  of  c a p a c i t y .  Now t h e  c a r d s  a r e  s t a c k e d  
a g a i n s t  t h a t  e a s y  s t r a t e g y .  
Companies a r e  f a c i n g  much more s lowly  growing 
m a r k e t s ,  h i g h e r  i n f l a t i o n ,  and i n c r e a s e d  (and 
o f t e n  s u b s i d i z e d )  c o m p e t i t i o n  from e a s t e r n  
Europe,  t h e  Opec c l u b  and some o t h e r  d e v e l o p i n g  
c o u n t r i e s .  They a r e  a l s o  sadd led  w i t h  h i g h e r  
c o s t s  - thanks  n o t  o n l y  t o  t h e  e s c a l a t i o n  o f  t h e  
p r i c e s  of t r a d i t i o n a l  p e t r o - f e e d s t o c k s  but  a l s o  
t o  t h e  growing a r r a y  o f  env i ronmenta l  and s a f e t y  
r e g u l a t i o n s  t h a t  inves tment  p r o j e c t s  m u s t  now 
s a t i s f y .  
T h a t ' s  not  a  happy combina t ion ,  e s p e c i a l l y  i n  an 
i n d u s t r y  i n  which economies o f  s c a l e  have l e d  t o  
b i g g e r  and b i g g e r  p l a n t .  When t h e  c o m p e t i t i o n  is 
q u o t i n g  p r i c e s  based on book c o s t  of  e x i s t i n g  
p l a n t ,  t h e  d e c i s i o n  t o  s c r a p  your own o l d  p l a n t  
i n  f avor  o f  new i s  hard  enough i n  an 
i n f l a t i o n a r y  wor ld ;  t h e  new p l a n t  m u s t  pay o f f  
i n  t e r m s  of  f u t u r e  c o s t s .  I t  is  a l l  t h e  h a r d e r  
when, s a y ,  one t y p i c a l  new I C I  p l a n t  cou ld  
s u p p l y  f i v e  y e a r s  o f  t o d a y ' s  s l u g g i s h  B r i t i s h  
c h e m i c a l s  demand - and a  l a r g e  s l i c e  o f  
c o n t i n e n t a l  Europe ' s ,  t o o .  
Y e t  t h e  t o p  management of t h e  w o r l d ' s  f i f t h  
l a r g e s t  chemical  company, I C I ,  i s  coming round 
t o  t h e  view t h a t  i t s  f u t u r e  l i e s  i n  b i g  
i m a g i n a t i v e  l e a p s  i n  t echno logy  r a t h e r  t h a n  t h e  
smal l  e v o l u t i o n a r y  hops t h a t  have c h a r a c t e r i z e d  
i t s  p a s t  inves tment  and R and D s t r a t e g y .  Why? 
P r i m a r i l y  because  t h e  a l t e r n a t i v e  is  s o  
u n p a l a t a b l e :  p a s s i v e  a c c e p t a n c e  of  s low growth,  
one new p l a n t  e v e r y  20 y e a r s ,  a trimmed r e s e a c h  
budget  and s o  on. I f  p r e s e n t  marke t s  f o r  t o d a y ' s  
p r o d u c t s  a r e  s l u g g i s h ,  c r e a t e  new o n e s  w i t h  
e n t i r e l y  new p r o d u c t s .  I f  you cannot  b e a t  
s u b s i d i z e d ,  s t a t e - r u n  companies on p r i c e  on 
t o d a y ' s  t echno logy ,  f i n d  new, lower-cos t  
p r o c e s s e s  t h e  c o m p e t i t i o n  cannot  copy. And t h i s  
t ime  I C I  w i l l  n o t  l i c e n s e  t o  o u t s i d e r s  u n l e s s  
t h e y  pay th rough  t h e  nose ,  o r  swap e q u a l l y  
a t t r a c t i v e  t echno logy .  
The l a s t  s e n t e n c e  r e f e r s  t o  t h e  f a c t  t h a t  many o f  t h e  
w o r l d ' s  methanol p l a n t s  l i c e n s e  I C I  technology.  
Oxi rane ,  t h e  s u b s i d i a r y  o f  A t l a n t i c  R i c h f i e l d  and Halcon 
I n t e r n a t i o n a l  mentioned i n  3 .3  i s  a l s o  a c q u i r i n g  an i n n o v a t i v e  
r e p u t a t i o n ;  Rober t  Malpas is  now w i t h  Halcon. 
5.5 Flexibilityl v3ceff"i"fy and the Design of Complexes 
--- ---------- --- --_ ---- - -- --- ----- 
The design of petrochemical complexes raises a host of 
technical problems beyond the basic chemistry and engineering. 
Given high uncertainty about future feedstocks and final 
product demands over the life of the complex (or of its first 
major units), some balance has to be struck between cost and 
flexibility. Flexibility in this context has many dimensions. 
The ability to utilize a variety of feedstocks, and the ability 
to produce changeable proportions of desired outputs, have 
already been referred to: these have direct implications for 
the cost and design of specific units, particularly the 
pyrolysis furnaces. Product proportions and scheduling 
questions for both supply and dispatch will be the determinants 
of the mix and capacity of storage facilities at all stages. 
Less obviously, the pursuit of flexibility appears to be 
best achieved by greater integration, as illustrated by the 
complexes referred to in 3.3, which combine refineries with 
olefin plants. Becdelievre and Kaiser (1978) argue the case 
for combining a naphtha/gas-oil ethylene unit with a catalytic 
reformer (a standard element of refinery operations, it uses 
special naphtha cuts rich in aromatics, and enables the 
aromatics: olefins product mix to be balanced) . "Combining" 
means connecting, by pipes; and there is only the pipeline cost 
itself to set against the possible advantages of connecting 
widely separated plants. Thus at sufficient scale (or' 
proximity), the possibility of ethylene pipeline and storage 
systems exists, considerably increasing the flexibility of 
operation of both contributory and distributary "connectees". 
A similar function at a higher organizational level is 
provided by the existence of the "spot' market in Rotterdam for 
chemical intermediates: this offers more flexible supply/demand 
adjustment than could be achieved if all transactions were 
bilateral contracts fixed in time, date and quantity. However, 
the existence of a substantial proportion of tied, "contract" 
or captive business clearly has a stabilizing influence on a 
company's plans, commitments and cash flow. There may be an 
optimum balance which each producer needs to determine in the 
light of his own circumstances. 
5.6 The Relationship between Enter rise Planning, State 
--- --- ----------- ----- f -,-, ------,---- 7 - - -  Planning and ~upra-~a?ional Economic Logic 
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It is clear that for several related reasons the planning 
of new petrochemical complexes, or of substantial enlargements, 
is of such significance as to be likely under any political 
system to involve the national government. Issues of national 
trade policy; security of supply for the plant, and therefore 
for all the downstream industries and jobs which depend upon 
it; the scale and impact of the financial commitment; are 
examples of the ways in which the enterprise planning decison 
will have such social 'impact as to involve governments. The 
determination of governments to develop so far as possible the 
basis for what is seen as a modern, high growth, high-value- 
added industry has already been evidenced in the expansion 
plans referred to in section 4.2. It is also to be noticed that 
the desires and published statements of governments frequently 
run rather ahead of the firm commitments made by the 
ehterpr ises. 
These are features of a world industry which has moved 
from the "disturbed reactive" into the "turbulent field" 
category of organizational environment, as these terms are used 
by Emery and Trist (1965). Such an environemnt is characterized 
by a multiplicity of "actorsn, tightly interdependent or 
"connected", and by resulting instability. The actors each have 
the ability to affect other actors, and their joint actions 
affect the environment for all, often unpredictably. The 
"actors" unavoidably drawn into the system include suppliers, 
companies, governments, customers, and many aspects of public 
interest in many countries. Tools for the analysis and 
description of such multi-participant, connected systems have 
been developed by Fischer (1978) in Canada and at IIASA, in the 
contexts of natural resource management and of North Sea oil 
industry development and regulation. 
Emery suggests (1967) that forms of response to the richly 
connected environment will include "attempts ... to downgrade 
them to the less complex types of environments", i.e., perhaps 
to dis-connect into disjoint, smaller environments. This is 
clearly a possibility which has echoes of "self-reliance", or 
in trading terms, "protectiontt, and Simmonds (1969) has already 
pointed to the connection between economies of plant scale, 
adjacent small and large countries, and the role of tariffs. 
Both co-ordination of investment plans, and protection by 
quotas or tariffs, are discussed within Europe (The Economist, 
1978a) as solutions to the problems of over-capacity. 
In the centrally planned economies, the benefits of 
jointly increased welfare have hitherto favoured concentration, 
specialization, and the pursuit of economies of scale; as in 
the long-range economic integration program of the Comecon 
countries. However, under the unanimity rule, individual 
participant countries retain control over decisions which 
affect their economies significantly; so that they can choose 
whether to combine efforts to achieve large-scale b.enefits, or 
retain smaller plants for local control if this is preferred. 
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